clinical heterogeneity. The interplay of de novo and inherited rare variants has been suspected in the development of ASD. Here, we applied whole exome sequencing (WES) on 19 trios from singleton Saudi families with ASD. We developed an analysis pipeline that allows capturing both de novo and inherited rare variants predicted to be deleterious. A total of 47 unique rare variants were detected in 17 trios including 38 which are newly discovered. The majority were either autosomal recessive or X-linked. Our pipeline uncovered variants in 15 ASD-candidate genes, including 5 (GLT8D1, HTATSF1, OR6C65, ITIH6 and DDX26B) that have not been reported in any human condition. The remaining variants occurred in genes formerly associated with ASD or other neurological disorders. Examples include SUMF1, KDM5B and MXRA5 (Known-ASD genes), PRODH2 and KCTD21 (implicated in schizophrenia), as well as USP9X and SMS (implicated in intellectual disability). Consistent with expectation and previous studies, most of the genes implicated herein are enriched for biological processes pertaining to neuronal function. Our findings underscore the private and heterogeneous nature of the genetic architecture of ASD even in a population with high consanguinity rates.
Results
Sequencing and Alignment Quality. Supplementary Table S1 summarizes the quality of the sequencing and the read mapping steps. It shows that the sequencing achieved good coverage of the target regions (98% average total coverage at 1X and 95% average total coverage at 20X) with enough depth (223X; i.e. each base in the target region is covered by 223 reads on average). We detected an average of 29120.333 total variants comprised of 27466.807 Single Nucleotide Variants (SNVs) and 1653.526 indels per exome (Supplementary Table S2 ). After Figure 1 . Schematic illustrating the steps of WES data analysis pipeline employed in this study. The multistep analysis procedure involves eliminating low quality reads, variant mapping to human reference genome (hg19), variant calling and annotation, grouping variants according to inheritance models followed by variant prioritization and validation, and finally biological functions analysis was carried out on the final list of genes. AR, autosomal recessive; AD, autosomal dominant; QC, quality control. Dashed arrow indicates that the model was applied when all three main models failed to discover candidate variant(s).
comparing the trios, a list of candidate variants was sent to Sanger sequencing for confirmation. The frequency of the confirmed variants in international databases (ExAC, 1000 Genomes Project) and the local the Saudi Human Genome Program Database (SHGP; 2379 local ethnically matching exomes) was also considered. We counted 29 false positives of which 20 were SNVs and 9 were indels as a result of low quality calls.
Reported familial relations history was assessed with three different relatedness tests (described in the methods). The results confirm correct parenthood for all our trios (Supplementary Table S3 ) as higher scores for parent-child pair were observed by all three methods. For our dataset, the results using the A jk statistics and shared homozygosity were more confirmative than the ones generated by KING program.
Detected SNVs and Indels. The analysis framework (described in methods) developed in this study allows for comprehensive investigation of the genetic architecture of ASD (Fig. 1) . It is designed to capture not only de novo variants, but also those with autosomal or X-linked mode of transmission in unknown or previously described ASD-linked genes. This analysis approach is more suited for complex disorders with high genetic heterogeneity and it may offer much needed explanation for the increased ASD heritability 15 . Using the 4 main inheritance models (refer to methods) a number of variants was detected in each sample except two (ASD-52 and ASD-55). From the variants that have passed all filtering steps, 44 were considered to be deleterious by at least one prediction tool and were confirmed as being true positives for presence of the variant by Sanger sequencing. The majority of the validated variants were missense, while the remaining were either frameshifts, splice-site changes or nonsense and only one small deletion was detected ( Fig. 2A) . As for the mode of transmission, 3 were de novo, 4 were autosomal dominant, 21 were found in X-linked genes, and the remaining 19 were inherited in an autosomal recessive manner (Fig. 2B ). Only 9 of the verified variants were previously reported (in dbSNP with MAF < 1%) (MOGS, rs370842409; ITIH2, rs748626881; OR6C6, rs748626881; GPKOW, rs782015404, TRIM9, rs748897524; NEB rs375412223; BOC, rs752313669; SSTR3,rs577113986; PRODH2,rs370842409), while the remaining 38 variants were novel. Altogether, we have identified 47 rare variants in 47 different genes including 15 ASD-candidate genes (Tables 1 and 2 ).
De novo variants.
De novo germline mutations arising spontaneously during meiosis have long been known to confer risk of ASD. This knowledge was inferred largely from studies assessing de novo CNVs in ASD cases from simplex or multiplex families [25] [26] [27] [28] [29] [30] [31] , however, structural variants seem to account for a small fraction of the cases 28, [32] [33] [34] , shifting the focus to de novo point mutations and their contribution to risk, which is a line of enquiry we and others have perused 8, 9, 11, 13, 20, 24 . Among the 17 probands, 3 (17.6%) were found to carry rare de novo SNVs. These confirmed de novo events were identified in different genes including one with previous association with ASD: two of these events were predicted to result in a premature truncation, and the remaining was a missense rare variant (p.G209R) affecting PRODH2, found in proband ASD-58. The two nonsense variants were: (i) (p.Y755X) affecting KDM5B identified in ASD-19 and (ii) a frameshift insertion of two adenine bases creating a premature stop codon (p.K278Efs*5) in MOGS that was detected in proband ASD-24 (Table 2) .
Autosomal variants.
Despite the excess and well-recognized importance of de novo mutations, only a fraction of ASD cases could be accounted for by these mutational events 8, 17 , while cases bearing inherited events couldn't be fully explained by this class of genetic alteration. The high heritability of ASD 15 underscores the need to explore transmitted variants that are often overlooked in many of the existing exome studies, which are mainly focused on de novo variants and not designed to capture inherited variants 8, 9, 13, 20, 23, 24 . Investigating both de novo and inherited variants has become a favored approach in recent next-generation sequencing based ASD studies 10, 11, 14, [16] [17] [18] . Considering the high rate of consanguinity in the Saudi population, a recessive model was implemented under which a total of 19 rare variants were identified in different genes (Table 2 ). In addition to recessive variants, we interrogated changes transmitting in a heterozygous manner (autosomal dominant). By only considering rare variants that were transmitted to the proband from one heterozygous parent, 4 rare variants were confirmed in 4 different genes (APC2, AGL, NEB and SEMG2). Two of the variants were observed in ASD-9 occurring within a splice site region of APC2 and AGL. One missense variant affecting NEB was found in ASD-39 and a nonsense variant within SEMG2 was found in ASD-66 ( Table 2 ).
X-linked variants.
A strong male bias in ASD has been consistently observed over time and across numerous studies in different populations [35] [36] [37] . This provides a strong clue to the potential involvement of sex chromosomes in the etiology of the disorder, which has been supported by the identification of multiple risk loci, particularly on the X-chromosome 10, 16, 17, 19 . By setting our analysis approach to identify inherited variants in X-chromosome genes, we detected and confirmed a total of 21 rare variants (19 missense, 1 small deletion and 1 splice site change) and each was found in a different gene (Table 2) . Of these variants, 4 were found in genes not previously implicated in ASD nor listed in Autism databases (DDX26B, HTATSF1, ITIH6 and PLP1). The remaining variants existed in genes already reported in ASD or other neurological disorders. Description of confirmed rare variants per trio. By tailoring our WES analysis pipeline to capture both de novo and inherited variants, the analysis retained at least 2 rare variants affecting different genes for most probands. The variants are discussed in detail in the supplementary data and Supplementary Table S4 .
Biological processes over-represented in our study. IPA functional analysis detected significant enrichment for biological processes such as 'Cell Signaling' , 'Cell Morphology' and 'Cellular Assembly and Organization' across the entire genes set. As for Diseases and Disorders, the analysis discovered 'Neurological Disease' , 'Organismal Injury and Abnormalities' and 'Hereditary Disorder' , among other human diseases, to be significantly correlated. Furthermore, 'Nervous System Development and Function' , 'Tissue Development' and 'Embryonic Development' were the 3 top ranking functions under the 'Top Physiological System Development and Function' category (Supplementary Table S5 ).
Discussion
Dissecting the genetic architecture of an otherwise highly complex disorder such as ASD, comprising diverse forms of genetic alterations (from SNVs to chromosomal aberrations affecting numerous genes/loci), requires employing different approaches. Ideal approaches would be those permitting genetic investigation of ASD cases, in which a polygenic model is assumed (or strongly suspected) 7 . Therefore, capturing more classes of genetic variation, especially with the emergence of studies identifying multiple mutations in individual ASD patients of which all are predicted to contribute to the etiology of the disease, has become the preferred approach by many researchers. We, as others 10 , took advantage of NGS to perform comprehensive analysis in parent-child trios designed to detect both de novo and transmitted genetic variants. By considering rare variants with predicted damaging effect, we validated variants in 17 of 19 trios (~90%). We could not comment on whether our detection yield is comparable with other studies or not, due to the lack of published ASD trio exome studies of similar design using the same platform. However, Jiang and colleagues conducted a relatively similar study (utilizing an Illumina platform) in which they have reported successfully detecting medically relevant variants in 50% of their ASD trio families using whole-genome sequencing (WGS) 10 . Missense variants constitute the most frequently encountered type of variation (77%) in this study followed by loss of function variants [nonsense (6%), frameshifts (6%) and splice site (9%)] (Fig. 2A) . Of the 19 probands only 3 were found to carry de novo events, whereas rare variants in autosomal or X-linked genes were detected in equal number of probands. While most of the previous studies concerned with sporadic autism have focused on assessing the role of de novo variants under the hypothesis that such lesions are more likely to confer risk to ASD than inherited events 9, 12, 13, 20, 24, 38 , we, on the contrary, observe enrichment for inherited variants. This is unsurprising given the highly inbred nature of the Saudi population in which common ancestry is suspected even . In our study, 32 of the detected variants were observed in genes previously reported in ASD (either in Autism databases or in literature) ( Table 1 ). For instance, SUMF1 40 , HSPBP1 41 , TRIM9 42 , DUSP3 24 and BOC 43 . WES detected de novo variants in three genes ( Table 2) . One missense variant affecting a schizophrenia susceptibility gene (PRODH2) 44, 45 and the other two were protein-truncating variants. One was identified in KDM5B. This gene was previously associated with ASD 8, 9 and non-syndromic intellectual disability (ID) 46 whose function is related to cell cycle control and neural cells differentiation 47 . The other was a frameshift insertion of two adenine bases creating a premature stop codon in MOGS. This gene encodes an endoplasmic reticulum glucosidase involved in normal immune function 48 . By applying the autosomal recessive model, we validated variants in 19 genes (Table 2) . One missense variant was observed in MAN1B1, a gene causally linked to non-syndromic intellectual disability 49, 50 , and another was found in DNAJC13 previously reported to be mutated in patients with Parkinson's disease 51, 52 . Two variants were identified in genes with possible, but not confirmed association with mood disorders: CRY1 [53] [54] [55] and NT5DC1 56, 57 . Interestingly, patient (ASD-21) harboring NT5DC1 missense variant displayed symptoms of depression and poor appetite around the age of 5 years. Amongst the autosomal transmitted variants, six were predicted to disrupt a group of genes involved in brain development and/or function namely TRIM9, BOC, SSTR3, NGF, FGF5 and CELSR2 [58] [59] [60] [61] [62] [63] [64] [65] , two were found in genes related to protein homeostasis (KCTD21 66 and HSPBP1
67
) and the remaining variants were identified in genes involved in diverse biological process including cell signaling (DUSP3) 68 , inflammatory responses (NLRP2) 69 , olfaction (OR6C65) 70 , maintenance of DNA integrity (CEP152) 71 , and stabilization of the extracellular matrix (ITIH2) 72 . The X-linked model revealed 21 different variants (Table 2 ). For instance a missense variant was detected in MXRA5, a gene that was reported to be mutated in three multiplex ASD families 19 . A deletion of 12 nucleotides was detected within exon 2 of AVPR2, defects in this gene cause X-linked congenital nephrogenic diabetes insipidus (NDI) and where detected in dizygotic twins with NDI and ID 73 . One putative splice site variant was found in PDK3, a gene that encodes an enzyme involved in the shift of energy production site from the mitochondria (oxidative phosphorylation) to the cytoplasm (glycolysis) reported in cancer cells 74 . The same gene was recently reported to be mutated in a single family with Charcot-Marie-Tooth disease 75 . However, the patient (ASD-38) reported here to carry PDK3 splice site variant is not affected with Charcot-Marie-Tooth disease, nor does he suffer from any type of neuropathy. Moreover, of the variants detected on the X-chromosome, four were located in genes involved in brain function/development (PLP1 76 , MAOB 77 , USP9X 78 , and FLNA 79, 80 ) and two were present in genes regulating splicing and/or transcription (HTATSF1 81 and GPKOW 82, 83 ) . Additional rare variants were identified in genes involved in: (i) the hydrolysis of angiotensin II (ACE2) 84 or sulfate esters (IDS) 85 and (ARSH) 86 ; (ii) or in the ubiquitination and proteasomal degradation of creatine kinase-B (ASB-9) 87 . Furthermore, two missense variants were detected: one in ATP2B3 and another in RPS6KA6. Both genes participate in signal transduction pathways, however only ATP2B3 was linked to a human disease 88, 89 . The remaining variants were located in genes of largely unknown function such as (CFAP47, ITIH6 and ZNF630) or in cancer-associated genes namely; INTS6L 90, 91 With regard to the biological functions that might be influenced by the identified genetic changes, we have compared those highlighted by the IPA with the results of the manual literature mining. Cell signaling was among the common biological themes. Typically, categories pertaining to CNS function such as those found by IPA "Nervous System Development and Function" or manual search "Neuronal function/Development" were over-represented. These categories comprised genes serving diverse functions in the CNS such as neurite outgrowth, synaptic function and formation, and neuronal migration (Dataset 1). Aside from the disruption of neuron-specific functions, defects involving basic cellular processes (presented here and elsewhere) represent another commonly encountered theme in ASD, reflecting the clinical and genetic complexity and variability of this condition 1 . It is noteworthy, that several of the detected rare variants were observed in genes without currently recognized functions/roles making it difficult to propose a functional link to ASD, something that might be revealed by future studies.
One of the interesting findings emerging from this study is the identification of two genes (NLRP2 and MOGS) with established roles in the immune system. The former encodes for NLRP2 protein that plays a vital role in astrocytes innate immunity 69 and was found to be mutated in a rare type of imprinting disorder known as Beckwith-Wiedemann syndrome 93 . The latter gene (MOGS), on the other hand, encodes an endoplasmic reticulum glucosidase involved in normal immune function and is causally linked to congenital disorders of glycosylation type II B clinically characterized by developmental and neurological defects 48 . It is worth mentioning that immune dysfunction has been documented in ASD and emerging studies propose a role for the immune system in the pathophysiology of autism. In support of this notion, typical behavior and neuropathological symptoms of human ASD were successfully recapitulated in mice born to immune-activated (infected) mothers 94 . Another key finding demonstrated here, is the genetic variability not only across trios but within each proband. Defects in genes involved in diverse biological processes were observed in most probands and only few (ASD-40, 43, 58 and 73) that were enriched for variants affecting neuronal function/development. Our findings are in keeping with a growing number of reports suggesting a genetic model of autism whereby cumulative contribution of multiple inherited and de novo variants (multiple hit) in different genes (genetic heterogeneity), including genes associated with other neuropsychiatric disorders (pleiotropy) or involved in diverse biological processes beyond synaptic function (molecular diversity), shape the risk to ASD 1, 10, 11, 16, 95 
Conclusions
Apart from Yu et al. exome sequencing study, aimed at identifying inherited SNVs in a cohort of consanguineous/ multiplex families with ASD including two Middle Eastern multiplex families (one from Saudi Arabia and one from Kuwait) 17 , the genetic characteristics of ASD in Arab populations remain largely unexplored. This work represents, to the best of our knowledge, a comprehensive exome analysis of trios with ASD from an Arab population. Our primary goal was to identify de novo or rare inherited coding variants of potential clinical relevance through applying WES on case-parent trios from singleton families. Among the advantages of implementing this approach over WGS is that it generates fewer results and therefore is relatively less analytically challenging. Although this approach enabled us to generate a prioritized shortlist of potential deleterious variants, association and extensive functional studies are necessary to identify the disease causing ones with more certainty. Also it is important to consider the possibility of missing candidate variants within coding regions and the fact that neither common variants nor non-coding regions were considered here. In spite of the small number of cases investigated here; our current study is useful in terms of contributing a small, albeit rich data set, revealing new ASD candidate genes that may shed light on potential diagnostic and therapeutic targets. 
Methods

ASD trios selection.
A total of 19 simplex (singleton) families were selected for the study (Trio's analysis).
Venous blood samples from parents and affected child were obtained for both DNA and RNA extraction. Of the recruited families, 9 were from consanguineous marriages and 10 were not. Non-consanguineous families were included based on the rationale that in populations with high levels of consanguinity/endogamy (tribal or religious) 96 , a common lineage is suspected even when couples regard themselves as unrelated as they are often unaware of consanguinity in distant generations 39, 97 . Table S6 .
All probands were negative for any copy number variants (CNV) in previously reported ASD-associated loci/ genes listed in Supplementary Table S7 . CNV analysis was performed in probands using the Cyto Scan HD array (Affymetrix, Santa Clara, CA,USA). Targeted analysis was carried out using the Chromosome Analysis Suite version Cyto 3.0 using GRC 38/hg19 of the UCSC Genome Browser and the recommended threshold of log2 ratios of more than 0.58 for CNV gains and less than -1 for CNV losses was used.
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Whole exome sequencing, data processing and bioinformatics analysis. WES, alignment of reads, and variant discovery. The exomes of the parents and affected children were sequenced on the Ion Proton platforms, using the whole exome AmpliSeq kit. Briefly, 12 separate Exome Primer Pools, AmpliSeq HiFi mix (Life Technologies, Carlsbad, CA, USA) and 100 ng DNA from each sample were used in the amplification step for 10 cycles. The resultant PCR products were then pooled in preparation for primer digestion using FuPa reagent (Life Technologies, Carlsbad, CA, USA). This was followed by a ligation step using Ion P1 and Ion Xpress Barcode adapters. The libraries were then purified and quantified using qPCR and the Ion Library Quantification Kit (Life Technologies, Carlsbad, CA, USA) prior to emulsion on an Ion OneTouch System. The templated Ion Sphere particles were enriched using Ion OneTouch ES (Life Technologies, Carlsbad, CA, USA) and processed for sequencing on the Ion Proton instrument (Life Technologies, Carlsbad, CA, USA). Approximately 15-17 Gb of DNA sequence was generated per sequencing run/sample. Reads were mapped to UCSC Human reference genome (hg19) (http://genome.ucsc.edu/) and variants were identified using the Ion Torrent pipeline (Life Technologies, Carlsbad, CA, USA).
The sequencing targets 293903 amplicons, covering about 19,000 genes (https://www.ampliseq.com/tmpl/ view.action?tmplDesignId=50055032). The analysis pipeline is a multi-step process (Fig. 1) . First, the NGS reads were subjected to quality control checks for removing any low quality reads. Then the reads were mapped (aligned) to hg19. For the mapping step, we used the program tmap, which is part of the Torrent Suite package. This program is the same as BWA but it is tuned more to the Ion Torrent technology, by including flow signal information in the alignment process. Next, variant calling was performed using the Torrent Suite Variant Caller, which is a GATK-like variant caller, but more tuned to the Ion NGS data. It takes flow signals into account and also recognizes types of sequencing errors common to this platform.
As part of a tertiary data analysis, each trio was further interrogated using four possible inheritance models; autosomal recessive, autosomal dominant, de novo and X-linked. To that end, we compared the variants detected in the affected child to the corresponding positions in the parents DNA. Basically, we grouped the variants into model-specific subsets according the mode of inheritance. For instance, a variant was considered to be de novo if it was present uniquely in the proband and absent in both parents, while if two copies of the variant were inherited by heterozygous parents, the variant was considered to be autosomal recessive (with consideration of compound heterozygosity). On the other hand, the variant was considered autosomal dominant only if it was transmitted to the proband from one heterozygous parent. Moreover, for a variant to be considered as X-linked, it had to occur on the X-chromosome in either a hemizygous (male) or a homozygous (female) state in the proband in reference to the parents.
Variants annotation. ANNOVAR (http://annovar.openbioinformatics.org) software was used to functionally annotate detected variants as previously described 98 . Briefly, the software was used to perform two types of functional annotations; gene-based and filter-based. The former one identifies the genomic region containing the variant (e.g exonic or intronic), and the latter assesses the frequency of the variant in widely used databases in addition to providing functional prediction scores from a number of tools.
Variants prioritization and Sanger validation.
The resulting model-specific set of variants was trimmed by omitting the ones not falling within coding exons or exon/intron boundaries, or non-functional. Then validation by Sanger sequencing was carried out on fresh DNA aliquots prior to assessing the frequency and predicted functional effect of the detected variants. The purpose of this was to avoid overlooking any interesting changes that may have been masked by variant calling/annotation errors. The list of validated variants was further trimmed by omitting those reported in dbSNP, or present in international databases (1000 Genomes project, ExAC) or in the local ethnically matching normal controls database (SHGP 2379 exomes) with a MAF ≥ 1%. Variant deleteriousness was predicted using four different web-based tools: Polyphen-2, SIFT, MutationTaster and CADD as described [99] [100] [101] [102] . For predicting splice-site variants effect, we utilized PredictSNP2 web interface for its improved performance compared to CADD 103 . In addition, available public Autism genes/variants databases (SFARI Gene; https://gene.sfari.org/autdb/Welcome.do, and AutismKB; http://autismkb.cbi.pku.edu.cn/) were checked for reported SNVs and CNVs in our list of validated genes or bands harboring these genes in case of CNV 104, 105 . Finally, segregation analysis was carried out in families where DNA from unaffected family members (siblings) was available (ASD-17,-24, -37 and -69).
Relatedness assessment. Three different relationship inference algorithms were employed in this study to verify the self-reported pedigree information. The first is Yang et al. method, which is based on the A jk statistics 106 . For this method we used the implementation in the VCFtools package (with option -relatedness 1). In the second method, we computed shared homozygosity by comparing the homozygous variants (MAF > 1%) between each pair of individuals and counting the number of overlapping variants. Relatedness was denoted as "Not confirmed" if the number of shared homozygous variants was less than 25 SD above the mean (123 ± 25). The third method estimates kinship as described by Manichaikul and colleagues 107 using KING program (http://people.virginia. edu/~wc9c/KING/) and the implementation in VCFtools (option -relatedness2).
Biological functions analysis.
In an attempt to gain insight into the biological processes that may potentially be affected by the variants identified herein, we analyzed our final list of genes with validated variants using the core analysis function of Ingenuity Pathway Analysis software (IPA) (IPA ® , version 01-07, QIAGEN, Redwood City, https://analysis.ingenuity.com/pa/installer/select). The software identifies the diseases and biological functions that are significantly associated with our genes list. The resulting categories are ranked by p-values calculated using right-tailed Fisher's exact test.
In parallel, we have grouped gene-sets on the basis of their function (by means of manual literature research) into different categories including: "Neuronal function/Development", "Mitochondrial function/Energy metabolism", "Protein quality control", "Gene regulation", "Cell signaling cascade", "Cell division or differentiation", and "Immune responses" (Table 1) .
